The solidification morphology of the Zn-Bi monotectic alloy is studied through directional solidification processing. It is shown that the aligned growth depends on the crystallography of the solid-liquid interface. The best alignment of the monotectic liquid phase (L 2 ) occurs when the growth direction is [0001] Zn followed by that of [1010] Zn . Aligned growth could not be observed in other growth directions. A parametric approach is adopted, which incorporates the mechanical stability of the three phases at the growing interface and Derby and Favier's criterion for monotectic growth, derived from Jackson and Hunt theory of coupled growth, to identify the possible window of growth conditions and phase spacings where aligned growth is possible.
I. INTRODUCTION
to the growth process. The goal of this article is to present a detailed experimental study of the microstructural develop-MICROSTRUCTURAL developments in monotectic ment of a Zn-Bi monotectic alloy under unidirectional solidialloys have been extensively studied over the last 20 years. [1] [2] [3] [4] [5] [6] [7] fication conditions and to attempt to test the validity of the It is generally agreed that their behavior is similar to that current understanding when crystallographic factors are of eutectic growth, and the classical theory of coupled growth incorporated. by Jackson and Hunt [8] adequately predicts their microstructural development. [3, 5, 7] In general, the aspects of the crystallographic anisotropy of the growing solid phase and the
II. EXPERIMENTAL resultant changes in the growth conditions are ignored in
The alloy, with a monotectic composition (Zn-0.6 at. pct these reports. Further, the growth of two coupled phases Bi), was prepared under an argon atmosphere using an inducinto the melt also requires the establishment of a mechanical tion furnace and was water quenched to obtain a uniform equilibrium at the triple junction of the interface. This is not distribution of the two phases. A vertical Bridgman-type explicitly treated in most of the theoretical developments setup with a high-temperature gradient capability was used dealing with coupled growth. Magnin and Trivedi [9] have for the unidirectional solidification experiments. Both movintroduced this criterion in order to explain the spacing selecing-sample and moving-furnace configurations were used. In tion in eutectic alloys within the framework of the classical order to protect the samples from oxidation, the experiments eutectic growth theory.
were carried out in 10-cm-long quartz tubes under an argon For the case of isotropic surface energy, a stable threeatmosphere. Three sets of temperature gradients (G), namely, phase configuration requires that the second liquid partially high (30 to 35 ϫ 10 3 K/mm), medium (20 to 24 ϫ 10 3 K/ wets the growing solid. [10] As pointed out by Cahn, [11] even mm), and low ones (4 to 9 ϫ 10 3 K/mm) were used. The if the second liquid does not wet the solid-liquid growth growth velocities (V ) were varied from 1.1 to 500 ϫ 10 Ϫ6 interface, it is still possible to have coupled growth at a m/s. The microstructural examinations were carried out higher growth velocity. This happens when the pressure using an optical microscope equipped with a polarized light that repels the second liquid from the growing solid-liquid attachment and a JEOL* JSM840A scanning electron microinterface (known as disjoining pressure) is overcome by the *JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
growing interface at a critical growth velocity. Once the three-phase contact is established, the final growth behavior scope. For crystallographic information, transmission elecis dictated only by the coupled mass transfer across the tron microscopy was carried out on electron-transparent interface.
transverse sections of the specimens using a JEOL* 2000FX The situation can be different for the case of an anisotropic II microscope. A Gatan ion mill was used for thinning the solid like Zn. Even if the surface energies of the second liquid specimens. and solid-liquid interface satisfy a nonwetting condition, the crystallography can play an important role once the disjoining pressure is overcome and the second liquid is in III. EXPERIMENTAL RESULTS contact with the growing solid. The liquid, in this case, will
The microstructures of unidirectionally solidified samples spread toward the planes having lower surface energies in exhibit a variety of morphologies, depending on the growth the solid, thereby developing a crystallographic constraint velocities and temperature gradients. These are summarized in Table I . Briefly, at a low-temperature gradient and high growth (Figure 1(a) ). cles at the growth interface is the most probable origin of the coarser particles. At medium-temperature gradients, the Figure 2 (a) depicts columnar grains grown parallel along the growth direction at a rate of 17 ϫ 10 Ϫ6 m/s, with a microstructure indicates unstable growth, with complexities increasing with higher growth rates. A typical complex temperature gradient of 30 ϫ 10 3 K/m. The central grain shows a well-aligned morphology, while the adjacent grains microstructure is shown in Figure 1(b) . At a high-temperature gradient, many of the grains show aligned monotectic show cellular morphologies containing more-randomly arranged shorter Bi droplets. The latter morphology is similar growth. This article primarily deals with the latter type of growth (Figure 1(c) ). Further results will be presented only to that of the eutectic cells and can be termed as monotectic cells. The aligned rods at high magnifications reveal closely to elucidate the nature of this coupled growth. spaced rows of droplets. The condition of breakdown of the liquid rods to such a droplet array is discussed elsewhere. [12] A cross-sectional microstructure of the boundary regions between the perfectly aligned and less-perfectly aligned grains is shown in Figure 2 It is not necessary that well-developed aligned growth always remains parallel to the heat-transfer direction. This can be clearly seen at the higher growth rate, when the crystallographic influence becomes dominant. Figure 4 shows an example. However, in such cases, the rod/arrayed (a) droplets are not strictly linear and often show irregular features indicating unstable growth. The inter-rod spacings of the aligned growth were measured at each growth rate for the high-temperature-gradient condition. This is shown in Figure 5 .
IV. DISCUSSION

A. Surface-Energy Anisotropy and Nucleation of L 2
In order to develop a coupled-growth morphology during solidification, a three-phase contact at the solid-liquid interface involving two liquid phases (L 1 and L 2 ) and a solid phase (S) is necessary. The second liquid phase, L 2 , is formed from L 1 by a nucleation process. The growing solid phase can provide the nucleation site, resulting in a three-phase contact. The necessary conditions for this, which requires a stable three-phase contact have been discussed by Chadwick.
[10] Figure 6 shows the schematic illustration of the situation. Following Chadwick, the surface-energy balance requirement gives the following conditions: 
grain corresponds to the perfectly aligned morphology, whereas the other grain shows monotectic cells. S-L 2 , and L 1 -L 2 interfaces, respectively. In case the solid exhibits strong anisotropy of the surface energy, the equation needs to be evaluated for each surface in contact with the liquid. Experimentally, for anisotropic materials, it is often easier to determine the surface-energy ratios (rather than the Substituting Eq.
[2] in [1a] and rearranging, one gets absolute surface energies of each plane) of the different planes [13] from the equilibrium shape. This is known as the
anisotropy ratio (K ) and, for the isotropic case, it attains a value of 1. For hexagonal materials, one can define the anisotropy ratio for any {hkil} plane as
Therefore, the condition for the stable three-phase contact than 1. It is often reasonable to assume that the anisotropy ratio of the surface energies is independent of the liquid composition for a given structure (K c ϭ 1). In that case, the condition for the stable contact is
The surface-energy data for the Zn-Bi system at a monotectic temperature are given in Table II . [5] These data correspond to the basal plane of zinc.
[14] Use of these data yields the criterion for the stable three-phase contact at the (hkil) Zn plane to be
The shape of liquid Bi cavities of nanometric size, dispersed in the Zn matrix, has recently been studied. [15] The bounding interfaces are the (0001) and {1010} planes. The small size allows us to assume those to be the equilibrium shape, and, hence, a value of the anisotropy ratio between those two close-packed planes can be obtained. This value turns out to be slightly larger than 2. The anisotropic ratio for other planes of zinc will be still larger. [16] Therefore, we conclude that, excepting the basal plane, most of the other planes of Zn have a nonwetting character. The character of the {1010} planes is marginal and may just be wetted. Thus, L 2 phase the coupled growth when these planes face the S -L 1 interface, the L 2 phase has to nucleate in the melt and is later trapped by the moving S -L 1 interface. The crystallography at any arbitrary interface {hkil} plane can be determined of growth established in the present investigation clearly from the value of the function F, given by suggests that, for the Zn-Bi monotectic alloy, the most-stable coupled growth is associated with a (0001) plane of Zn interface. The coefficient of A (K c ) represents the composi-
tion dependence of the surface-energy anisotropy ratio. For
Zn-Bi 0.09 0.06 0.12 the stable contact, the function should be equal to or greater facing the liquid and growing normal to it. Clearly, for an anisotropic solid, the requirement of L 2 nucleation favors a coupled-growth geometry, which provides a stable threephase contact.
B. Coupled Monotectic Growth
The kinetics of coupled diffusional growth of two phases is modeled by Jackson and Hunt [8] for a eutectic system. Their model has been adopted to monotectic aligned growth by several investigators. [3, 5, 7] It is generally found that, for monotectic growth, the experimental value of phase spacing () and growth velocity satisfies the constancy of 2 V within the range of experimental uncertainty. The data obtained in the present experiments are shown in Figure 5 . The vs V plot follows a parabolic behavior. A statistical fit of 2 V as a function of V yields a best-fit line nearly parallel to the growth axis (the slope of the line drawn by regression analysis is 0.018). The mean value of 2 V turned out to be 5.5 ϫ 10 Ϫ17 m 3 /s.
A parametric approach to coupled growth in an anisotropic system
In the case of anisotropic materials, the surface energies stability of a given configuration of planes will have a constraining influence on the interface shape of the coupled growth. Unfortunately, direct visualization of the growth interface, in the case of an anisotropic solid, is not available.
We have avoided the interrupted quenching experiments, since it is well known that phases can rapidly reorient during Therefore, for given l 1 -l 2 and s 1 -l 2 surface tensions, one quenching. Such experiments, therefore, instead of providing can obtain the combination of s 2 -l 1 and s for each l angle resolution, create further confusion. Instead, we have which will satisfy the equilibrium condition. Thus, we get adopted a parametric approach to study the coupleda window for a possible l , s , and s 2 -l 1 combination for a growth behavior. stable triple junction. We first consider the mechanical stability of the coupled-
The basic postulate of the Jackson-Hunt theory [8] is that growth interface. This requires a surface-tension balance at the shape of the solid-liquid interface is dictated by the the three-phase junction along the cylindrical axis of the L 2 requirement of constant undercooling ahead of the two growrod in contact with the Zn matrix. The geometry of the ing solids, and that growth occurs at the extremum. Derby situation is different from that shown in Figure 6 and repreand Favier [5] applied this constant-undercooling requirement sented schematically in Figure 7 . In this figure, the threeto develop a criterion for predicting the stable growth of a phase equilibrium exists at the point E, where the S 1 and S 2 coupled monotectic interface in the framework of the Jacksurfaces of the Zn matrix are equilibrated with the L 1 -L 2 son-Hunt theory. The condition obtained for such a growth interface. The S 3 surface is the macroscopic-growth intersituation is [5] face. Let us consider that the directions of the surface tensions (which are, numerically, the same as the surface energies) l 1 -l 2 and s 2 -l 1 make the angles l and s , respec- [10] tively, with a horizontal axis, which is normal to the S 1 -L 2 interface.
We now examine the possible cases when a stable triple junction exists for a given S 1 interface when the L 1 -L 2
Here, v f is the volume fraction of the rod phase. The slopes surface energy ( l 1 -l 2 ) is known. From the force balance at of the liquidus for S and L 2 are represented by m s and m l , point E, one can obtain respectively. Although the derivation of the Derby and Favier criterion is undertaken for a nonwetting situation, there exists s 2 -l 1 ϭ l 1 -l 2 cos l cos s [7] no restriction for other situations. Thus, the functions ⌫ s and ⌫ l are defined as dimensionless average interfacial energies normalized with the latent heat of transformation times the and sine of dihedral angles. These are given by
Combining the previous two equations, we obtain it is necessary to multiply the basal-plane value by the anisotropic ratio of the {1010} plane. This is very close to 2
when the surface is in contact with the Bi liquid.
[14] Table III summarizes all the relevant data necessary for the evaluawhere L l and L s are the latent heat of transformation of L 2 tion of Eqs. [7] through [11] . For the estimation of the and S, respectively. For the nonwetting case, l and s will Jackson-Hunt constant, the interdiffusion coefficient needs be 90 deg. One can estimate the range of l (with correspondto be known. This can be evaluated from the knowledge of ing s and s 2 -l 1 ) values which satisfies both the conditions liquid viscosity by using the Stoke-Einstein formula of equal undercooling and mechanical stability.
given by [18] It is also possible to estimate the constant in the relation 2 V ϭ C for each of these possible configurations which D ϭ kT m 3a [14] satisfy both the equal-undercooling and mechanical-stability criterion. The constant C is the material characteristic and where k is the Boltzmann constant, is the viscosity, T m is is defined as [8] the melting point, and a is a characteristic distance, taken as the ionic diameter. Because of the very dilute solution, the value of a is taken as that for the pure Zn ϩ2 ion. The [13] viscosity of the alloy is calculated from the formula given by Moelwyn-Hughes [19] using the thermodynamic interaction parameters of the alloy. It is given by where ϭ (1/v f Ϫ 1). The term T m denotes the monotectic isotherm. The constant M is the Bessel function and is related
to the volume fraction of the rod phase. The term D is the interdiffusion coefficient, and C 0 is the total amount of rejected solute from the interface, which can be obtained Here, X Zn and X Bi are the mole fractions of Zn and Bi, from the phase diagram.
respectively; Zn and Bi are viscosities of pure metal Zn and Bi, respectively, and ⍀ is the interaction parameter and 2. Application to the Zn-Bi monotectic growth is given by For obtaining stable steady-state growth, it is necessary Bi, respectively. The calculated value of the interdiffusion in decreasing order, are the {1010} and (0001) plane. [15, 16] coefficient turns out to be 1.6 ϫ 10 Ϫ9 m 2 /s. Thus, the two most-probable configurations are (1) the (0001) plane as a growth interface, with liquid spreading a. Case I: The (0001) Zn plane as a growing plane The crystallographic configuration for this case is such along the {1010} planes normal to the growth interface, and (2) the {1010} plane as a growth interface, with the (0001) that the S 3 in Figure 7 represents a (0001) Zn growing plane and S 1 represents the {1010} Zn -L 2 interface. Figure 8 (a) plots plane lying perpendicular to the growth interface. This is consistent with the crystallographic nature of the Zn crystal, the possible values of s 2 -l 1 and s for different l values in the range from Ϫ90 to ϩ90 deg, using Eqs. [7] to [9] , which which has two specific growth axes, [0001] and [1010] . [17] It follows that, for a planar growth, the advancing plane will satisfy the mechanical-stability criterion. For l ϭ 0, the value of s 2 -l 1 is 0.18 J/m 2 . This represents the condition for be either (0001) or {1010}, with liquid L 2 spreading along the {1010} and (0001) the right-hand side of Eq. [10] , with the help of the physical values have the same magnitudes, although the experimental value is 2 to 3 times more. Since D is estimated in the data given in Table III , yields the critical value of ⌫ l /⌫ s for stable growth to be Ϫ0.014. This indicates that l should present case, no further conclusion can be drawn. We also emphasize that experimentally observed aligned growth corhave a minimum value of Ϫ3 deg, which corresponds to the s 2 -l 1 value of 0.25 J/m 2 . Thus, the range of surface responds to the situation when (0001)Zn is the plane advancing into the liquid. energies of the S 2 -L 1 interface which will yield stable growth will be from 0.18 to 0.25 J/m 2 . Figure 8 Figure 7 , the crystallographic configuration of the mentally observed value is also included as a dotted line, for comparison. We note that the experimental and calculated growth interface (S 3 ) is represented by the {1010} Zn planes,
(a) (c) and S 1 is the (0001) Zn , plane Figure 9 (a) plots the possible ⌫ l /⌫ s , the Derby-Favier parameter, as a function of l . The critical value for stable growth from Eq. [10] is Ϫ0.014, value of s and s 2 -l 1 as a function of l , which satisfies the mechanical-stability criterion. The minimum value of s which now corresponds to a l value of Ϫ2 deg and a s 2 -l 1 value of 0.14 J/m 2 . Figure 9 (c) plots the estimated turns out to be 60 deg. This implies that S 2 will be one of those planes that makes an angle less than 30 deg to the Jackson-Hunt constant for each l value within the l window for stable coupled growth. The values are lower than basal plane. This plane should have an energy more than or equal to 0.09 J/m 2 , the energy of the basal plane which in the previous case. Again, one can observe that at no combination of the surface energies and l values is the corresponds to the minimum possible energy. The corresponding l value should be 42 deg or less. 
